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 
Abstract²This paper presents a fast selective harmonic cur-
rent mitigation strategy for inverters with active power filter 
capabilities based in synchronous reference frames and two-
degrees-of-freedom internal model controllers. The advantage of 
this control strategy over the conventional PI solution is a signifi-
cant increase in the speed of harmonic detection and mitigation. 
Furthermore, this control strategy reduces the computational 
burden when applied in a digital controller. These characteristics 
make this strategy desirable for applications where fast/harmonic 
detection and mitigation are needed. Mathematical analysis and 
simulations are presented to corroborate the performance of the 
proposed controller strategy. Finally, the results of this proposal 
are verified in a 1kW 3-phase multifunctional inverter with har-
monic compensation capabilities up to the 17th harmonic. 
 
Index Terms²Multifunctional Inverter, Active Power Filter, 
fast harmonic mitigation, Synchronous Reference Frame. 
I. INTRODUCTION 
Active power filters have the advantage of providing dynamic 
compensation of harmonic currents in the ac network. The 
active power filtering feature can be added to a voltage source 
converter. This converter turns into a multifunctional inverter 
(MI) able to supply active/reactive power to the grid, as well 
as harmonic currents for power quality improvements [1]. 
The ability to dynamically select the number and magnitude 
of the harmonics to compensate enables the most economical 
use of the MI, since the harmonic compensation can be tuned 
to address the most problematic harmonics in the ac network, 
avoiding unnecessary investment in control bandwidth and 
converter ratings [2]. Furthermore, selective harmonic com-
pensation enables an increase in robustness when filtering, 
since parameter deviation can be easily taken into account 
when tuning the individual harmonic controllers [2],[3].  
Some ac loads provide fast transient harmonics, such as 
when the current is drawn by an electric drive during startup, 
acceleration [4], during fast speed control adjustment in elec-
tric drives [4] or in the traction system of high speed trains[5]. 
During those events, the faster the harmonic compensation is 
carried out, the better for the optimal performance of the con-
verter.  
The control techniques for MIs with selective mitigation of 
harmonics using fixed switching frequency can be divided in 
two main branches: 
1) The proportional-resonant based controllers 
Proportional-resonant (PR) based controllers [6]-[8] are 
able to follow sinusoidal harmonic references at their respec-
tive resonant frequencies without steady state error by intro-
ducing an infinite gain at the desired resonant frequency. Ad-
 
 
ditionally, PR-based controllers provide fast response for set 
point changes.  
The disadvantages of PR-based controllers are that attaining 
adequate controller tuning and stability is a complex process; 
moreover, the controller resonant frequency should be well 
tuned to the reference frequency, as the infinite gain band is 
narrow, making this control technique susceptible to grid 
frequency variations [9]. Non-ideal PR-based controllers use 
second order generalized integrators, which results in wider 
resonant band but with the penalty of an increased tracking 
error [10]. 
2) The synchronous reference frames (SRF) based controller. 
This type of controller applies several synchronous d-q 
harmonic frames and low pass filters to detect the harmonic 
currents. The control of the harmonic currents coming from 
the MI is carried out using PI controllers.  
The advantage of using SRF-based controllers is that they 
enable individual harmonics to be measured and controlled 
using dc signals, where easy-to-tune PI controllers can provide 
stable control with no tracking error; additionally, an active 
power filter using SRF-based controllers is immune to grid 
frequency variations. 
The main disadvantage of using the SRF-based controllers 
for harmonic mitigation is that it results in slow harmonic 
detection/compensation, because of the delay produced by the 
low pass filter in the SRF control topology, and also that the 
use of multiple synchronous d-q harmonic frames and low 
pass filters produces an increased computational burden [11]-
[13]. 
This paper proposes a solution that overcomes the slow 
harmonic detection/compensation of SRF-based controllers, 
and eliminates delays to accelerate harmonic compensation 
without affecting the positive properties of the SRF-based 
controllers. This is achieved by removing the low pass filters 
from the conventional SRF control topology and replacing the 
PI controllers with two-degrees-of-freedom internal model 
controllers (2DF-IMC). By doing this, the 2DF-IMC of the 
individual harmonic control loops are able to simultaneously 
track the harmonic current set-point without delay. Additional-
ly, the 2DF-IMCs collectively reject the ac disturbances pro-
duced by the operation of a filter-less SRF in the dc domain 
(see section IV.B).  
When 2DF-IMC is used along with SRF, one obtains, 
among other benefits, a dramatic increase in the speed of har-
monic detection and mitigation, since the proposed controller 
configuration does not require low pass filters to detect and 
compensate the harmonics in the SRF.  
Fig. 1 shows a schematic diagram of the proposed solution 
and its effects in the speed of harmonic mitigation when com-
pared with the conventional SRF-based controller. As seen in 
Fig. 1 a) and c), the ac grid currents (i.e. the currents seen by 
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the ac grid after the node connecting the MI and the non-linear 
load) contain several harmonics of different magnitude; these 
harmonics are produced by a non linear load. At t=0.4 seconds 
the MI begins to cancel the harmonic currents from the non 
linear load by injecting harmonic currents in the point of 
common coupling. When the conventional SRF-based control-
lers (based on PI controllers and low pass filters) are used, the 
time to totally cancel out the harmonics in the grid current and 
to leave a sinusoidal waveform is 125 ms, as seen in Fig. 1 a) 
and b), whereas when using the 2DF-IMC SRF-based control-
lers the total cancellation of harmonic currents is carried out in 
just 22ms as seen in Fig. 1 c) and d).  
 
Fig. 1 Harmonic mitigation time response comparison between the 
conventional harmonic controller and the 2DF-IMC controller. 
This paper is organized as follows: section II reviews the 
theory of operation of the conventional SRF-based harmonic 
and the past/current research efforts to speed up its harmonic 
detection capabilities. Section III describes the theory of the 
2DF-IMC and the control rule derivation for the different 
2DF-IMCs of the MI. Section IV analyzes the implications of 
removing the low pass filters from the conventional SRF con-
troller and the positive effects of using the second-degree-of-
freedom feature of the 2DF-IMC in the MI realization. Section 
V presents simulations results of the proposed controller. 
Section VI presents the experimental validation of the pro-
posed controller in a 1kW MI with harmonic mitigation capa-
bilities up to the 17th harmonic. Finally section VII presents 
the conclusions of this investigation. 
II. HARMONIC DETECTION/MITIGATION USING CONVENTIONAL 
SRF-BASED CONTROLLERS. 
The conventional process of detecting and mitigating har-
monic load currents using a MI with SRF is shown in Fig. 2.  
 
Fig. 2 MI with conventional SRF-based controllers 
As seen in Fig. 2, the load current loadi is measured and fed 
to the several d-q SRFs rotating at different harmonic frequen-
cy (p.e. 5th, 7th, 11th etc). The d-q SRF is a mathematical trans-
formation that converters a three phase ac signals into an 
equivalent dc d-q signal. Each d-q SRF provides the dc d-q 
equivalent components of its rotating harmonic frequency plus 
an ac signal (product of the fundamental/harmonic currents of 
different frequency of that of the rotation of the d-q SRF). In 
order to obtain the dc values of the harmonic d-q signal, a low 
pass filter is used to eliminate any ac component at the output 
of the d-q SRF. The same procedure is used for the MI current 
invi . 
The filtered d-q components of loadi  are used as set points 
for the PI controllers. The PI controllers generate, as a control 
action, a modulator signal that would produce harmonic cur-
rents of magnitudes that match those of the load, but in oppo-
site polarity. Thus, the load harmonic currents would cancel 
out the MI harmonic currents at the point of common cou-
pling.  
The conventional SRF-based controllers for harmonic de-
tection/mitigation have been widely used in recent develop-
ments [14]-[19]. Needless to say, all these developments make 
use of the conventional approach for SRF-based controllers 
where low pass filters are used to detect/mitigate harmonic 
currents, which results in a slow harmonic compensation.  
Some research has been carried out to speed up the detec-
tion/mitigation of d-q harmonic currents using conventional 
SRF. The investigation in [18] uses low pass filters based in 
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the moving average technique at a cut-off frequency of 100Hz, 
which would enable a harmonic detection within half a cycle 
however, this solution still requires the use of a low pass fil-
ters with increased number of memory allocations and is sen-
sitive to grid frequency variations. Other research focuses on 
eliminating the use of the low-pass filters in the conventional 
SRF-based controllers by implementing a harmonic d-q trans-
formation that averages the values of the harmonic d-q signals 
by applying a recursive algorithm within the transformation 
[20]. However, this technique requires an extra workaround to 
avoid a frequency drift effect caused by grid frequency varia-
tions.  
Evidently, a solution that provides the same robustness of 
detection and control of harmonic currents found in the con-
ventional SRF-based controllers, but with faster dynamic 
performance, is highly desirable for MI applications. This 
paper shows that such a solution can be obtained by removing 
the low pass filters from the conventional SRF architecture 
and counteracting the negative effects of doing this by using 
2DF-IMC. The key factor for the stable functioning of the 
filter-less realization of the SRF is the enhanced load disturb-
ance rejection provided by the 2DF-IMC. This is analyzed 
next. 
III. THEORY AND IMPLEMENTATION OF 2DF-IMC 
The internal model control (IMC) technique relies on the 
³LQWHUQDOPRGHO´SULQFLSOHWKHSKLORVRSK\RIZKLFKstates that 
a control action over a plant can be achieved only if the con-
trol system includes, either implicitly or explicitly, some rep-
resentation of the process to be controlled. Information about 
the configuration of the IMC controller structure can be found 
in [21] and [22].  
The IMC design procedure requires, for a realizable control, 
a low pass filter ( )L s  in cascade to the IMC controller, other-
wise the IMC controlled transfer function would include the 
use of pure differentiators. The filter ( )L s is of the type 
   ( ) / zL s sD D   (1) 
where the order of the filter, z , is chosen according to the 
order of the plant ( )G s , and D can be interpreted as the 
closed loop bandwidth of the control system. 
Since, ideally, all the plant parameters are represented with-
in the IMC controller structure, the only variable to adjust in 
the IMC controllers is the closed loop bandwidth of the con-
trol system (D ).  
Fig. 3 shows the structure of the IMC controller modified to 
graphically group the controller section and the plant section 
in the closed loop system. By doing this, the structure of the 
IMC controller resembles that of a PI controller for first order 
plants. Also, Fig. 3 includes the representation of an inner 
feedback loop of gain R  in the plant, which is designed to 
provide a second degree of control freedom. This additional 
degree of control is used to speed up the natural response of 
the plant by moving the pole of the plant away from the origin 
within the negative side of the real axis. The additional degree 
of control freedom greatly improves the load disturbance re-
jection characteristic of the plant which, by itself, is independ-
ent of the set-point tracking controller.  
The load disturbance rejection feature of the 2DF-IMC is 
specifically designed to reject dc disturbances with 0 steady 
state error. This feature is the key factor for the filter-less 
realization of a SRF controller since, as it will be explained in 
section IV, the negative effects of removing the low pass fil-
ters from the conventional SRF control structure, is a control 
loop polluted with ac harmonic signals. Nevertheless the 2DF-
IMC is able to deal-with this harmonic pollution in the dc 
domain. 
By adding a feedback loop of gain R , the transfer function 
of the improved plant is 
> @ 1( ) ( ) / 1 ( ) 1/ ( )M s G s G s R G s Rª º   ¬ ¼      (2) 
where ( )M s  is the improved transfer function of the plant. 
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Fig. 3: The 2DF IMC configured as a PI controller 
Since all the different process to control in the MI are of 
first order type, the derivation of their respective IMC control-
lers can be generalized by the IMC control transfer function 
( )F s  (considering that '( )M s is the model of ( )M s ), as 
shown in (3) 
1
1
1
( ) ' ( )( ) ' ( ).
1 ( ) ' ( ) '( )
L s M sF s M s
sL s M s M s
D 
  
    (3) 
One way to define R  as in function of D is to make the 
plant load disturbance rejection as fast as the controller's set-
point closed loop dynamics. To achieve this, the pole R  is set 
in the inner feedback loop to match the pole of the closed loop 
transfer function from the disturbance ( )d s  to output signal of 
the plant ( )y s .  
The relationship between the rise time, rT , and the closed 
loop bandwidth of the controller is given by 
2.2 /  (rad).rTD   
A. 2DF-IMC control of fundamental and harmonic currents  
The equations defining the dynamics of the d-q fundamental 
and harmonic currents between the MI and the ac grid are: 
_ _ _ _ _
_ _ _ _ _
/
/
n d inv n d n d s n q d
n q inv n q n q s n d q
v ri ldi dt li v
v ri ldi dt li v
Z
Z
   
                   (4) 
where r  and l  are, respectively, the equivalent resistance and 
inductance between the MI and the ac grid, 
_ _
 and n d n qi i  are 
the average d-q current components of the n  harmonic, 
_ _n d invv  and _ _n q invv  are the d-q components of the n  harmon-
ic of the average voltages generated by the MI and where dv  
and qv  are the d-q voltage components of the ac grid.  
The transfer functions between d-q MI fundamental and 
harmonic currents and the d-q MI fundamental and harmonic 
voltages can be represented by the same equation if the cross-
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coupling terms (
_s n qliZ and _s n dliZ ), and the grid voltage 
components, ( dv  and qv ) from (4) are considered disturb-
ances, not present during the calculation of the d-q current 
control, but instead being numerically compensated by a feed-
forward loop, as shown in Fig. 4.  Hence, the MI current-to-
voltage relationships in the d-q frame is given by 
 ( ) 1/ .iG s ls r                          (5) 
If an inner feedback loop of gain iR  is added to ( )iG s  (i.e a 
second degree of control freedom, as shown in (2)), an en-
hanced transfer function of the following type is obtained: 
1/ (( ) )i iM lss r R                           (6) 
The inner feedback loop is implemented in the plant by 
making the input signal to the plant equal to 
_ _
( ) '( ) ( )n inv n inv n iv s v s i s R        (7) 
where 
_
'( )n invv s  is the output of the IMC current controller 
( )iF s , which, accordingly to (3), is 
 ( ) /i i i iF ls r sRD D               (8) 
where iD  is the bandwidth of the closed loop d-q current con-
trol system. From (8), one can deduce the equivalent PI con-
troller constants of the IMC controller constants as 
                ,     i i i i iKp l Ki r RD D   .                 (9) 
The value of iR  is selected to make the load disturbance re-
jection of the current plant to be as fast as the closed loop 
transfer function. By selecting a iR  value of 
i iR l rD                   (10) 
the relationship between the output voltage of the MI and 
disturbance ( )id s becomes 
  2
_
( ) / .( ) /iinv iv s sd s l sD                (11) 
As seen in (11), the disturbances ( )id s  are rejected by the 
plant and the controller with the same time constant, which in 
turn depends on iD . 
B. 2DF-IMC control of the dc voltage 
The equation describing the dynamic behavior of the dc 
voltage dcv  is presented in (12) (neglecting the resistive losses 
and the energy stored in the inductance) 
 2 1_32 2dc load d ddvc P v idt § ·  ¨ ¸© ¹       (12) 
where c  is the capacitance of the dc circuit and loadP  is the 
active power consumed/generated by the load/generator con-
nected to the dc bus. 
In order to work with linear expressions (assuming dv  is 
constant), the output variable of the dc-plant is selected to be 
the square of the capacitor voltage (i.e. a representation of the 
energy of the capacitor w). Thus, selecting 2dcw v , and con-
sidering loadP  a disturbance, not present during the calculation 
of the voltage controller, the transfer function of the dc-plant 
can be presented as: 
( ) / ( ) ( ) 3 / ( ).d w dw s i s G s v cs         (13) 
A seen in (13), ( )wG s  has a pole at the origin, which 
makes it very susceptible to disturbances.  
Following the procedure for designing a 2DF-IMC present-
ed in the previous section, the PI controller constants wKp  
and wKi  of the IMC and the feedback loop gain needed to 
make the 2dcw v  plant load disturbance rejection as fast as the 
controllers are calculated as: 
/ (3 ),   ,  )./ (3w d w ww w ww dc v Ki R RK vcp D D D     (14) 
where wD  is the bandwidth of the closed loop 2dcw v control 
system.  
In order to effectively reject loadP  and avoid an excessive 
transient change in w  with respect to the controller set-point, 
one can calculate the maximum error for a step-like disturb-
ance of loadP  and select the controller bandwidth wD  accord-
ingly. The relationship between the maximum error of w , 
_ maxwE , and wD  is defined, for a given loadP , as [21]: 
  
_ max 2 exp( 1) / .w load wE P cD   (15) 
Thus, by using (15) the minimum value of wD  can be calcu-
lated to prevent the variable 2dcw v  from increasing or de-
creasing from a defined margin. 
Fig. 4 shows the full schematic diagram of the MI controller 
loops for the first harmonic controllers. The schematics of the 
current controllers shown in Fig. 4 can also be use to describe 
harmonic current controllers since they share the same struc-
ture and constants, as explained in section III.A. 
 
Fig. 4 Schematic diagram of the MI controller loops for the first 
harmonic controller. 
C. 2DF-IMC Bode plots analysis 
Using 183 radwD   and the passive element values in Fig. 
8, the bode plots of the dc-plant, the enhanced dc-plant with an 
inner feedback loop, the open loop transfer function and the 
closed loop transfer function of the dc-plant controller are 
presented in Fig. 5. 
As seen in Fig. 5 the bode plot of the dc-plant ( ( )wG s ) is 
the one of that of a pure integrator, as stated by (13). However 
when the inner feedback loop is added to the dc-plant ( ( )wM s
), an artificial pole is placed at 183 rad, which is equal to the 
pole of the closed loop control system. The fact that the en-
hanced dc-plant and the closed loop system share the same 
pole at 183 rad shows that natural disturbance rejection of the 
dc-plant is now as fast as the closed loop dynamics, this be-
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havior is essential for the proper functioning of the 2DF-IMC 
based SRF controller as it will be explained in section IV. 
 
Fig. 5. Bode plot of the systems in the dc plant 
Using 1100 radiD   and the passive element values in Fig. 
8, the bode plot of the currents plant, the enhanced current 
plant, the open loop and the closed loop transfer functions of 
the current controller are presented in Fig. 6. 
 
Fig. 6 Bode plot of the systems in the currents plant 
As seen in Fig. 6 the bode plot of the current plant ( ( )iG s ) 
is the one of that of a first order system, as stated by (5). How-
ever when the inner feedback loop is added to the current plant 
( ( )iM s ), the pole in the plant is moved from 29.9 to 1100 rad, 
which is equal to the pole of the closed loop system. The fact 
that the enhanced current plant and the closed loop system 
share the same pole at 1100 rad shows that natural disturbance 
rejection of the current plant is now as fast as the closed loop 
dynamics, this behavior is essential for the proper functioning 
of the 2DF-IMC based SRF controller as it will be explained 
in Section IV. 
IV. ANALYSIS OF THE FILTER-LESS SRF IMPLEMENTATION  
A. Propagation of harmonics in a filter-less SRF 
This section explains how the harmonic signals propagate 
inside the control loops of a SRF when the low pass filter 
stage is removed from the controller structure. 
Equation (16) presents the generalized harmonic dq0 trans-
formation nT  used in the SRF technique to obtain the d-q 
components of the n  harmonic. This transformation is based 
on the modified dq0 transformation, in which a 3 phase sinus-
oidal signal of magnitude 1 and no phase shift would produce 
a value of 1, 0d q  (this transformation is similar to the one 
found in SimPowerSystems and it is used in all the simula-
tions and experimental results in this paper). The transfor-
mation is 
 
        
        
sin sin 2 / 3 sin 2 / 3
2
cos cos 2 / 3 cos 2 / 3
3
1/ 2 1/ 2 1/ 2
n s n s n s
n n s n s n s
n t n t n t
T n t n t n t
Z Z S Z S
Z Z S Z S
§ ·* *  * ¨ ¸ * *  * ¨ ¸¨ ¸¨ ¸© ¹
(16) 
where  sign sin 2 / 3n nS*  ª º¬ ¼  represents the sequence of the 
n  harmonic and is reflected in (16) as an algebraic sign.   
The application of nT  to a 3 phase current signal with har-
monic content would produce, as an output, a dq0 signal com-
prising the dc d-q components of the n  harmonic, plus an ac 
component, with the rest of the harmonics moved in frequen-
cy, depending on the sequence of the n  harmonic and the 
sequence of the rest of the harmonics. Mathematically this is: 
 
   
   
_
1,dc component
ac component
_
1,dc component
ac componentl
cos( ) cos
sin( ) sin
n d n n n k k k n k s k
k k n
n q n n k k n k s k
k k n
i i i n k t
i i i n k t
E Z E
E Z E
f
 z
f
 z
 *  * * * * ª º¬ ¼
  * * * ª º¬ ¼
¦
¦
 (17) 
where 
_n di  and _n qi  are the n  harmonic d-q signals respec-
tively. nE  is the phase shift of the n  harmonic, ni  is the mag-
nitude of the n  harmonic, ki  is the magnitude of the k  har-
monic current, sZ  is the synchronous frequency in radians, t  
is the time, kE  is the phase shift of the k  harmonic, and 
 sign sin 2 / 3k kS*  ª º¬ ¼  represents the sequence of the k
harmonic and is reflected in (17) as an algebraic sign. 
If the ac components of the d-q currents in (17) are allowed 
to propagate in the control loops then the controller output will 
become a hybrid signal composed of a dc part (the useful 
control action) plus a ac part (the ac harmonic pollution). The 
details of the propagation of the ac component of the d-q sig-
nal throughout the control loops is analyzed mathematically in 
section VIII.A, where it is proven that for constant single-
harmonic input the controller produces a constant single-
harmonic output. The 2DF-IMC ac output components would 
add up and, together, would be processed by the inverse trans-
formation 1nT

, eventually being fed as modulator signals to 
the MI.  
The  modulator signal fed to the MI by a filter-less SRF is a 
hybrid waveform composed of 2 parts: 1) A useful control 
action (the dc dynamics of the fundamental and harmonic d-q 
current loops) plus 2) constant harmonic disturbances (product 
of using filter-less SRF) which are meaningless (even danger-
ous) for control purposes. However, these ac disturbances can 
be fully rejected in the dc domain with 0 steady state error 
when using 2DF-IMC. This is explained, in detail, in the fol-
lowing section. 
B. Effects of a 2DF-IMC in a filter-less SRF 
As dangerous at it may seem, the constant ac harmonic dis-
turbances produced by the filter-less 2DF-IMC are actually 
innocuous for a selective harmonic compensator based on the 
2DF-IMC. The reason for this is that an n constant ac har-
monic disturbance, produced by any given 2DF-IMC control-
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ler of the system, is reflected as a constant dc signal disturb-
ance in the 2DF-IMC dedicated to the control of the n har-
monic (see VIII.A). 
Since the 2DF-IMC is specifically designed to reject step-
like, constant dc disturbances, is an ideal fit to compensate the 
ac disturbances produced by the other 2DF-IMC controllers 
with the same robustness and speed of response of its set-point 
tracking characteristics, since they will be reflected as a dc 
disturbance signal. Because of this, an array of 2DF-IMCs 
dedicated to compensating individual harmonics, will collec-
tively compensate the ac disturbances produced by one anoth-
er as fast as they track a set point change.  
The result of the collective control action of all the 2DF-
IMC is simply a fast collective harmonic compensation, where 
the difference between the disturbance rejection and the set-
point tracking dynamics is indistinguishable.  
Since the disturbances produced by the ac components in 
the filter-less 2DF-IMC are readily compensated by the rest of 
the harmonic SRF controllers, and no filter is present in the 
SRF controller architecture, the set-point/disturbance rejection  
closed loop current dynamics (for both fundamental and har-
monic currents) can be selected to be as fast as necessary, 
being limited only by the desired controller robustness, the 
accuracy of the internal model, the sampling frequency and 
the quantization errors. A more detailed explanation of the 
sensitivity of the IMC controller robustness to parameter un-
certainty is provided section VIII.B. 
Here it is important to highlight that if the controller inside 
a filter-less SRF is not actively damping external disturbances, 
(e.g. a conventional PI controller), then, collective input of 
disturbances would produce instability in the control loops 
(especially in the case of the poorly damped process of dcv ) . 
This is because the first-harmonic signals that propagate 
throughout the non-first harmonic controllers eventually be-
come a large exogenous dc disturbance added to the control 
action of the controllers dealing with first-harmonic-based 
variables.  
Fig. 7 shows a diagram of the collective disturbance rejec-
tion and harmonic control of the filter-less 2DF-IMC harmon-
ic controllers. The colored spectrum shown next to some sec-
tions of the controllers in Fig. 7 reflects how the harmonics 
propagate throughout the controller. As seen in Fig. 7, some of 
the harmonics that enter from the d-q transformations propa-
gate at different frequencies and magnitudes throughout the 
control loops, eventually becoming an ac disturbance at the 
output of the harmonic controller. These ac disturbances are 
reflected as dc disturbances in another controller loop (as 
shown by the dotted connecting arrows) where the disturb-
ances are rejected completely with 0 steady state error. 
V. SIMULATIONS 
Fig. 8 shows a diagram of the simulated network, a MI is 
connected in parallel to a non-linear load consisting of a 3-
phase diode rectifier. The control parameters are: closed loop 
bandwidth of the 2dcw v controller 183 radwD  , closed loop 
bandwidth of the fundamental/harmonic current controllers 
_
1100 radi hD  . 
 
Fig. 8 Test network of simulation results. 
Fig. 9 shows the simulation results when the MI in Fig. 8 
enables its harmonic compensation capabilities at t=0.4 sec-
onds. As seen in Fig. 9 a) and b), when the harmonic compen-
sation is enabled, the d and q components of the different 
harmonics in gridi  (up to the 17th harmonic) are reduced by 
95% in just 14 ms ( 5%st ), and are being totally mitigated in 
22 ms. This is reflected as a fast harmonic compensation in 
gridi , as seen in Fig. 9 c). This speed of harmonic compensa-
tion is as fast as the fastest controllers based in PR reported in 
open literature (see [3],[7]). 
Fig. 7 Harmonic disturbances propagation and compensation in a 2DF-IMC based filter-less SRF 
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The benefits of using 2DF-IMC based SRF are not limited 
to  fast harmonic compensation only, but are extended to fast 
harmonic detection as well, (because of the filter-less imple-
mentation). In order to provide further evidence of the fast 
detection and mitigation of harmonic content, Fig. 10 shows 
the simulation results of the MI when the three phase rectifier 
(the non-linear load) is connected for a small period of time to 
the ac grid.  
 
Fig. 9-Simulation 1: Result of the fast harmonic compensation of the 
2DF-IMC based SRF 
 
Fig. 10 Simulation 2: Harmonic detection/compensation capabilities 
of transient harmonics of the 2DF-IMC based SRF 
As seen in Fig. 10 b), the harmonic detection/mitigation ca-
pabilities are fast enough to compensate harmonic distortion in 
a period of 22 ms. Also, when the non-linear load is discon-
nected from the ac grid, the MI takes little time to detect this 
change and stop the provision of harmonic current to the point 
of common coupling. This can be better appreciated in Fig. 10 
c). 
As explained in section IV, the increased load disturbance 
rejection of the 2DF-IMC architecture is the key factor in 
providing stable control in a filter-less SRF. In order to illus-
trate the increased load disturbance rejection characteristics of 
the 2DF-IMC, Fig. 11 shows the behavior of the modulator 
signals of the MI, and the effect of disturbances on the dc 
voltage (the most load disturbance sensitive system) for the 
transient harmonic test presented in simulation 2. 
As seen in Fig. 11 a), the collective disturbances generated 
by the filter-less SRFs produce a transient peak on the modu-
lator signals. The disturbances on the modulators, although 
constant in nature, are quickly rejected by the second degree 
of freedom of the IMC architecture of all the current control-
lers (fundamental and harmonic). The effects of the modulator 
disturbance peak on the grid currents are shown in Fig. 10 b) 
and the effect of the modulator peak disturbance on the dc 
voltage is shown in Fig. 11 b). In both cases, the action of the 
second degree of freedom of the IMC controller prevents the 
control variables from suffering excessive change with respect 
to their set-point value. 
 
Fig. 11 Effects of the collective ac disturbances produced by the 
filter-less SRFs on the modulator signal and dc voltage of the MI 
VI. EXPERIMENTAL RESULTS 
A 1kW 3-phase MI connected in parallel to a non-linear 
load consisting of a 3-phase diode rectifier, in a circuit config-
uration and parameters as shown in Fig. 8, with the same con-
trol parameters as those presented in section V but with 
40V rmsgridv  , 250Vdcv   is used to corroborate experi-
mentally the performance of the proposed 2DF-IMC-based 
SRFs. The digital control of the MI is carried out by a 32 bit 
F28335 DSP from TI at a sampling/switching frequency of 16 
KHz.  
Fig. 12 shows the harmonic content in the ac grid currents 
produced by the 3-phase diode rectifier when no filtering is 
performed. As seen in Fig. 12 the harmonic pollution of the 
currents waveform is mainly composed of the 5th to 13th har-
monics. 
 
Fig. 12 Experimental harmonic content in the ac grid currents pro-
duced by the 3-phase diode rectifier 
Fig. 13 shows the behavior of the grid currents when the 3-
phase rectifier is connected to the ac circuit and the 2DF-IMC 
based active power filtering is operational. As seen in Fig. 13 
a) and b), the grid currents are harmonic free (up to the 17th 
harmonic). This can be further corroborated by the spectrum 
presented in Fig. 13 c). The zoomed out representation of the 
grid currents shown in Fig. 13 b) shows a speed of harmonic 
compensation as fast as that presented in simulations. 
To further illustrate the harmonic compensation capabilities 
of the experimental setup, Fig. 14 shows a detailed view of the 
currents, before (load currents) and after (grid currents) the 
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harmonic compensation. As seen in Fig. 14, the speed of de-
tection/mitigation of harmonic currents by the proposed 2DF-
IMC controller is as fast and as stable as in the simulations. 
This corroborates the proper functioning of the proposed algo-
rithm under realistic scenarios. 
 
Fig. 13 Experimental results of the fast harmonic compensation of the 
2DF-IMC based SRF 
In order to compare the performance of the 2DF-IMC based 
SRF with the conventional SRF-based controllers, the experi-
mental performance of the active power filter using low pass 
filters and PI controllers tuned using the technical optimum 
technique is presented next. In the technical optimum tuning 
technique the integration gain cancels the /l r time constant. 
The proportional gain is then adjusted so the overshoot is of 
around 5%. The resulting closed loop bandwidth can be ideal-
ly selected to be 1/20 times the sampling frequency. The tech-
nical optimum procedure, however, does not have a precise 
control on the amount of available damping as happens with 
the 2DF-IMC; neither can it achieve the ideal closed loop 
bandwidth because of the delay in the setpoint/measured sig-
nals produced by the low pass filter dynamics. Because of this, 
the experimental results show a slow harmonic compensation 
when compared with the 2DF-IMC controllers.  
 
Fig. 14 Detailed view of the currents before and after harmonic com-
pensation when using the 2DF-IMC based SRF. 
Fig. 15 and Fig. 16 shows the behavior of the grid currents 
when the 3-phase rectifier is connected to the ac circuit and 
the conventional SRF-based controller is operational. The 
parameters of the PI controllers are: 5th and 7th harmonic con-
trollers constants 3.08, 91.06Kp Ki  , 11th harmonic con-
troller constants 2.31, 68.75Kp Ki  , 13th harmonic control-
ler constants 1.54, 45.83Kp Ki   the low pass filters used 
for the harmonic controllers is of the second order Butterworth 
type with a cutoff frequency of 60Hz and a damping factor of 
0.707. 
Fig. 15 shows a zoomed view of the initial behavior of the 
grid currents and Fig. 16 shows a zoomed view of the behav-
ior of the grid currents after 500 ms.  
 
Fig. 15 Experimental results of the fast harmonic compensation of the 
conventional SRF-based controller: Initial current behavior 
 
Fig. 16 Experimental results of the fast harmonic compensation of the 
conventional SRF-based controller: Current behavior after 500ms 
As seen in Fig. 15, the harmonic detection/compensation 
capabilities for the conventional SRF-based controller are 
slow with only a partial harmonic compensation after 8 cycles 
of the fundamental ac current. Fig. 16 shows that after 500 ms 
the harmonic compensation has been carried out, however this 
delay time is much higher than the one obtained with the 2DF-
IMC controller. 
VII. CONCLUSIONS 
This paper presents a fast harmonic detection/mitigation 
strategy for MIs using filter-less SRF and 2DF-IMC control-
lers. The filter-less implementation of the SRF enables har-
monic currents to be detected/mitigated with remarkable ra-
pidity compared with conventional SRF solutions. The key to 
implementing the filter-less SRF without affecting the stability 
of the converter is to deal with the collective disturbances, 
produced by the filter-less SRF, by using a 2DF-IMC struc-
ture.   
By using the 2DF-IMC, a reduction of the computational 
burden is obtained because of the elimination of the low pass 
filters in the SRF harmonic detection/mitigation stages. Also, 
since the 2DF-IMC use the plant parameters to analytically 
calculate the control constants; the controller tuning process is 
reduced to the selection of only one variable: the speed of 
response of the closed loop system.  Finally since the 2DF-
IMC is based in the SRF structure, the harmonic detec-
tion/mitigation process is immune to grid frequency varia-
tions. 
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The use of a SRF with 2DF-IMC allows taking advantage 
of all the benefits of the SRF solution, with detection-
mitigation speed of a PR solution, without sacrificing stability 
or controller robustness. These positive attributes make the 
2DF-IMC-based SRF controller highly desirable for industrial 
applications. 
VIII. APPENDIX  
A. Mathematical analysis of harmonic propagation within the 
2DF-IMC controller loop 
A 3-phase current signal with a 7th harmonic component is 
used in this section in order to analyze the harmonic propaga-
tion within the 2DF-IMC control structure. This current is 
described mathematically by  
 
   
    
    
1 1 7 7
1 1 7 7
1 1 7 7
sin sin 7
sin 120º sin 7 120º
sin 120º sin 7 120º
a s s
b s s
c s s
i i t i t
i i t i t
i i t i t
Z E Z E
Z E Z E
Z E Z E
   
     
     
 (18) 
and produces the following d-q signals for a 7th harmonic SRF  
 
7 _ 7 7 1 1
dc component ac component
7 _ 7 7 1 1
dc component ac component
cos( ) cos(6 )
sin( ) sin(6 ).
d s
q s
i i i t
i i i t
E Z E
E Z E
  
    (19) 
If the ac components of the d-q currents in (19) are allowed 
to propagate in the control loops, then the 2DF-IMC would 
produce an ac output signal of the type 
 
7 _ _ 1 1
1 1
7 _ _ 1 1
1 1
cos(6 )
cos(6 ) cos(6 )
sin(6 )
sin(6 ) sin(6 ).
d AC s
s i s
q AC s
s i s
i Kpi t
Ki t dt Ri t
i Kpi t
Ki t dt Ri t
Z E
Z E Z E
Z E
Z E Z E
  
  
   
  
³
³
 (20) 
Solving the integral terms in (20) and using the trigonomet-
ric identities 
 
2 2
1
cos sin cos( ) with   
cos sin sin( )  with tan ( / )
a x b x H x H a b
b x a x H x b a
I
I I 
    
    
 (21) 
the following ac expressions are obtained 
 
7 _ _ 1_ 1 1_
7 _ _ 1_ 1 1_
cos(6 )
sin(6 )
d AC AC s AC
d AC AC s AC
i H
i H
Z E I
Z E I
  
    (22) 
where, using (9) and (10) 
      22 2 1 21_ 1 1 1_/ 6 ,   tan / 6 .AC i s AC i sH ri i L L rD Z I D Z    (23) 
Equation (23) evidences that the ac output signals of the 
2DF-IMC (i.e. 7 _ _ 7 _ _,  d AC q ACi i ) are scaled by a factor of 1_ ACH  
and displaced by an angle of 1 _ ACI . In the same manner as the 
ac signals 7 _ _ 7 _ _,d AC q ACi i , any additional ac harmonic n  signal 
fed to the 2DF-IMC will produce an output ac signal of 
_n ACH  
magnitude and 
_n ACI  phase displace. This applies to any ac 
harmonic signal fed to the 2DF-IMC.  
The fact that the ac output components of the 2DF-IMC are 
of the type described by (22), where the magnitude and phase 
displacement is the same for both the d and q components (i.e. 
_n ACH  and _n ACI ) means that a single-harmonic input to the 
2DF-IMC would produce a single-harmonic output in the 
modulators when processed by the 1nT

 transformation.   
B. Sensitivity of the IMC controller robustness to parameter 
uncertainty. 
The controller constants calculated in section III are de-
signed to match the load disturbance rejection of the plant 
with the controlOHU¶V closed loop bandwidth. Ideally, a high 
closed loop IMC bandwidth would imply a more effective 
load disturbance rejection and a faster control action. Howev-
er, the robustness of the controller may be compromised if the 
closed loop bandwidth is selected to be excessively large, and 
the parameter mismatch between the plant and the model of 
the plant inside the IMC structure is significant.  
This is because the robust stability criterion, in the case of 
the IMC structure involves the controller closed loop band-
width and the magnitude of mismatch between the plant and 
the model of the plant in such a way that the following bound 
has to be met (substituting s by iZ )[23]: 
 > @ 1( ) ( ) '( ) ( )   L i B i P iZ Z Z K Z Z   (24) 
where ( )K Z  represents any uncertainty in the plants model 
(e.g. bound of parameters in the linear model, bounds on non-
linearities and frequency domain bounds). By analyzing (1) 
and (24) it can be seen that if the closed loop bandwidth D  is 
increased excessively, then ( )L iZ  may not satisfy the bound 
imposed by (24). Eq. (24) also shows that a higher plant model 
uncertainty ( )K Z  limits the maximum value of  ( )L iZ  and in 
consequence limits the maximum value of D . Nevertheless 
(24) also shows that if the parameter mismatch between the 
plant and the model of the plant is small, then high values of 
closed loop bandwidth (i.e. higher controller speed) can be 
attained without affecting the robust stability of the closed 
loop system.  
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